In many cases, cell function is intimately linked to cell shape control. We used endothelial cell branching morphogenesis as a model to understand the role of myosin II in shape control of invasive cells migrating in 3D collagen gels. We applied principles of differential geometry and mathematical morphology to 3D image sets to parameterize cell branch structure and local cell-surface curvature. We find that Rho/ROCK-stimulated myosin II contractility minimizes cell-scale branching by recognizing and minimizing local cell-surface curvature. Using microfabrication to constrain cell shape identifies a positive feedback mechanism in which low curvature stabilizes myosin II cortical association, where it acts to maintain minimal curvature. The feedback between regulation of myosin II by curvature and control of curvature by myosin II drives cycles of localized cortical myosin II assembly and disassembly. These cycles in turn mediate alternating phases of directionally biased branch initiation and retraction to guide 3D cell migration.
During migration in tissue in vivo or in culture in a three-dimensional (3D) extracellular matrix (ECM), endothelial cells, fibroblasts and tumour cells exhibit a characteristic complex shape that consists of a spindle-shaped cell body and arboreal, branched protrusions extending into the surrounding microenvironment [1] [2] [3] . This branched morphology is critical to invasion and path finding during angiogenesis, tissue repair and metastasis. Endothelial cell branching morphogenesis is mediated by regulation of the actomyosin cytoskeleton by both mechanical and biochemical cues 2, [4] [5] [6] . Previous studies have shown that actin polymerization dynamics power plasma membrane protrusion to drive branch formation, which is counterbalanced by inhibition of branching through myosin II contractility 4, 7 . Although much is known about the biophysical mechanism by which actin polymerization drives membrane protrusion to effect shape change 8 , the basic principles by which myosin II contractility locally affects membrane geometry to inhibit cell branching and control global cell shape are unknown. Three central questions remain unresolved regarding the control of 3D cell shape by myosin II. The first concerns how the molecular-scale activity of myosin II motors is related to the cell-scale shape. Second, it is unclear whether cell shape in turn regulates actomyosin activity or assembly. Finally and most importantly, it remains to be determined how actomyosin is spatially and temporally controlled to mediate branching dynamics and guide invasive migration.
We used 4D imaging, computer vision and differential geometry to quantify cell shape and invasive migration of endothelial cells in 3D collagen ECMs. We found that myosin II motor activity regulates microscale cell-surface curvature to control cell-scale branch complexity and orientation. Myosin II preferentially assembles onto cortical regions of minimal surface curvature while also acting to minimize local curvature. Perturbations of Rho/ROCK signalling or myosin II ATPase function disrupt curvature minimization and branch regulation, but do not prevent curvature-dependent cortical assembly of myosin II. Myosin II contractility also controls branch orientation, possibly through differential association of myosin to outer lowcurvature and inner high-curvature surfaces of branches, linking local curvature control to global directional control of migration. Thus, cell-surface curvature minimization is a core mechanism that translates the molecular activity of myosin II at the cortex into dynamic shape control for guiding invasive cell migration in three dimensions.
RESULTS

Cell-surface segmentation for defining quantifiable morphological parameters
To determine how myosin II controls cell shape and branching morphogenesis in a 3D microenvironment, we used primary aortic endothelial cells (AECs) embedded in collagen gels. This recapitulates key morphologic and dynamic features of endothelial tip cell migration during angiogenesis in vivo 4 . To visualize the shape of the cell surface, including thin cell protrusions, we used time-lapse 3D spinning disc confocal microscopy to image AECs derived from transgenic mice ubiquitously expressing tdTomato-CAAX to label the plasma membrane (Fig. 1a,b and Supplementary Fig. 1A and Video 1). We developed a robust methodology for the complete segmentation and numerical representation of the cell surface. To allow accurate segmentation of both dim, thin protrusions as well as the bright, thick cell body, we combined a 3D Gaussian partial-derivative kernel surface filtering algorithm with a self-adjusting high-intensity threshold that allowed the processing of variable image conditions without user intervention ( Fig. 1c and Supplementary Methods and Fig. 1B-I ). The resulting cell-surface representations were used for quantification of two types of feature that describe cell morphology during migration in three dimensions: the 'morphological skeleton' (Supplementary Video 2) to quantify cell-scale aspects of branching topology (Fig. 1d) ; and the local cell-surface curvature to quantify morphology nearer to the molecular length scale of actomyosin contractile units 9 .
Myosin II activity inhibits dendritic branching
To investigate how myosin II activity regulates global branch organization, we derived from the morphological skeleton the number of branch tips and the branch complexity. Inhibition of myosin II ATPase activity with blebbistatin induced a complex cell morphology with an extensive network of thin branches (Fig. 1e,f) , as noted previously 4 . As a measure of the branch complexity, we analysed the number of branch vertices along the path of each branch from the centre of the skeleton outwards (Fig. 1g ). This showed that blebbistatin treatment promoted dendritic branching and increased branch path complexity (Fig. 1h,i) , indicating that myosin II reduces cell branch number by minimizing the number of branch vertices. Furthermore, the dendritic nature of blebbistatin-treated cell morphology indicates that myosin II inhibition allowed branching to occur not only on the cell body, but at any point on the branch tree ( Fig. 1e) , suggesting that the regulation of branched cell shape occurs through myosin II acting locally at all points on the branched cell surface.
Myosin II suppresses branch tips and bases by minimizing local cell-surface curvature
To determine how myosin II controls cell shape locally, we mapped cell-surface curvature (Fig. 2a-c and Supplementary Methods and Fig. 2A-F ) and determined the role of myosin II in its regulation. At each point on the cell surface, we determined the principal curvatures, κ 1 and κ 2 , being the minimal and maximal values of curvature along two orthogonal axes, respectively, in the plane tangential to the surface. We specified a minimal curvature scale that excluded small surface fluctuations due to image noise and nanoscale processes such as endo-and exocytosis (Supplementary Methods and Fig. 2E,F) . We verified the accuracy of our curvature measurements by imaging and analysis of fluorescent microspheres of known size embedded in collagen gels ( Supplementary Fig. 2G-I) , and excluded artefacts due to the microscope point-spread function geometry through simulations (Supplementary Methods and Fig. 2J-M) .
Next, we categorized local surface curvature into four geometric classes relevant to cell shape features ( Fig. 2a and Supplementary  Fig. 3A -D and Supplementary Methods), and examined the role of myosin II in their regulation. These included hills (κ 1 and κ 2 are both positive), tubes (κ 1 is positive and κ 2 is close to zero), saddles (κ 1 is positive and κ 2 is negative) and invaginations (κ 1 and κ 2 are both negative). Mapping these classes onto cell-surface renderings showed that most of the cell body and branch surfaces were tubelike (Fig. 2b,d and Supplementary Video 3 and Fig. 3C ,D), whereas hills localized primarily to branch tips, saddles localized to branch bases, and-although rare-invaginations localized to junctions of multiple branches oriented at acute angles to each other ( Fig. 2B and Supplementary Fig. 3C ,D). To determine how myosin II activity contributed to these shape features, we analysed AECs treated with blebbistatin. This showed that compared with the control, inhibition of myosin II increased the fraction of hills, invaginations and saddles, demonstrating that myosin II not only regulates overall branching, but also suppresses salient surface features such as branch tips and bases (Fig. 2b , bottom row and Supplementary Video 4 and Fig. 2d ).
We then determined the role of myosin II in controlling the magnitude of cell-surface curvature. Curvature at any point on 3D surfaces can be described by either 'mean curvature' (H = (κ 1 + κ 2 )/2), 'Gaussian curvature' (G = κ 1 * κ 2 ), or 'maximal curvature' (maximum of |κ 1 |, |κ 2 |). Mapping mean curvature on control cells allowed visualization of the low mean curvature at branch bases, which increased as branches extended away from the cell body and their diameter decreased, and was highest at branch tips (Fig. 2c) . Mapping mean curvature on blebbistatin-treated cells that exhibited extensive thin dendritic branches suggested that inhibition of myosin II increased curvature over the entire cell surface (Fig. 2c) . To test this, we quantified the maximal, mean and Gaussian curvatures at all points on the surface of control and blebbistatin-treated cells and determined the per-cell median values. This showed that blebbistatin treatment significantly increased the median maximal and mean surface curvatures per cell (Fig. 2e) . Gaussian curvature was also increased by myosin II inhibition, although not significantly because in both control and blebbistatin-treated cells, most surface points belong to the tube class, where κ 2 is ∼0 and hence the product κ 1 * κ 2 is insensitive to changes in the tube diameter, which are reflected in changes of κ 1 . Together, this shows that myosin II activity minimizes local cell-surface curvature.
Our observations that myosin II inhibition affects both branch structure and surface curvature suggest that these global and local morphological parameters are interdependent. Qualitatively, this is not surprising, because the cell boundary describes a closed surface geometry. We tested this directly by correlating the median of the maximal curvature with the branch number on a per-cell basis, irrespective of treatment with blebbistatin (Fig. 2f) . As the cell is largely tube-like, we focused on maximal curvature because it best represents the inverse of tube diameters. We found that within the natural variation of myosin II activation level in control cells as well as in myosin II-inhibited cells, branch number and surface curvature correlated over a wide range of values (Spearman's ρ = 0.77, P < 1 × 10 −6 ), confirming that these two independently measured parameters are correlated. We conclude that our multiscale measurements are indeed interdependent.
Cell-surface curvature negatively regulates myosin II cortical localization
Our finding that myosin II regulates cell-surface curvature suggests that myosin II localization could be linked to curvature. Therefore, we determined whether myosin II cortical localization and local surface curvature were correlated in freely migrating cells. AECs from knockin transgenic mice expressing GFP-myosin-IIA or GFP-myosin-IIB under endogenous promoters 4, 10, 11 were fixed in collagen gels and stained with Cell Tracker CM-DiI and fluorescent phalloidin to label the plasma membrane and F-actin, respectively ( Supplementary  Fig. 3F,H) . We determined the local cortical myosin IIA and F-actin intensities and corresponding local surface curvature, carefully controlling for sampling artefacts (Supplementary Methods and Fig. 4A-L) , and then categorized these surface curvatures. This showed that the highest myosin IIA concentration was associated with tube-like and saddle-shaped surfaces, with hills exhibiting very low myosin IIA (Fig. 3a) . In contrast, F-actin exhibited a broad range of concentrations in tubes, saddles, and hills that are presumably the tips of actin-based protrusions ( Fig. 3a and Supplementary Fig. 3E-H) . Mapping cortical GFP-myosin-IIB intensity and local mean curvature on cell-surface renderings ( Fig. 3c-f ) confirmed these results for GFP-myosin-IIA.
To further analyse the distribution of cortical myosin IIA, IIB, and F-actin relative to surface curvature, we generated 2D histograms of mean curvature versus cortical intensity of GFP-myosin-IIA (Fig. 3g) , GFP-myosin-IIB (Fig. 3h ) and F-actin (Fig. 3i ) over all surface points. This revealed a strong negative correlation between myosin IIA and mean curvature and a slightly weaker negative correlation between myosin IIB and mean curvature (myosin IIA, Spearman's ρ = −0.50, P < 1 × 10 −6 ; myosin IIB, Spearman's ρ = −0.32 Fig. 3g ,h and Supplementary Fig. 4A -M and Supplementary Methods). In contrast, F-actin was associated with a broad range of mean surface curvatures, with a weak positive correlation (Spearman's ρ = 0.17 P < 1 × 10 −6 , Fig. 3i ,j and Supplementary Fig. 3E -H). We conclude that myosin II localization in cells in three dimensions is not dominated by the total F-actin content at the cortex, but is specifically associated with cell-surface areas of lower curvature.
Our findings indicate that cortical myosin II concentration correlates with cell-surface curvature, suggesting that curvature could regulate myosin II localization. To test this directly, we externally enforced 
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Median Gaussian curvature * * * Mean curvature (μm -1 ) 3D cell shape and analysed local cortical myosin II concentration with respect to surface curvature. Endothelial cells expressing GFP-myosin-IIA and tdTomato-CAAX were cultured in microfabricated agarose chambers assembled on the surface of collagen-coated coverslips (Fig. 4a,b) . The walls of the chamber were non-adherent, yet constrained cells to a simple branched shape and imposed varied surface geometries (Fig. 4a) . Cross-sections of branches showed that the lateral constraint imposed cylindrical geometries as the cell filled the chamber (Fig. 4c,c ) . Registering multiple constrained cells in three dimensions allowed determination of the relationship between average imposed surface curvature (Fig. 4d) and average cortical GFP myosin IIA recruitment (Fig. 4f) . We discounted the dorsal and ventral cell surfaces and limited our analysis to surfaces constrained by the non-adherent agarose walls. This showed that the CAAX plasma membrane marker localized relatively uniformly to the cell surface in a manner independent of local curvature (Fig. 4e) . In contrast, GFP-myosin-IIA was absent from high-curvature branch tips, low along the unbranched rear of the cell body, but was enriched in areas of low mean curvature at the bases of branches and along their shafts (Fig. 4f) . Plotting the ratio of normalized intensities of GFP-myosin-IIA or membrane label and the local mean curvature as a function of position along the confined cell edge confirmed this, and indicated a strong negative correlation between myosin IIA localization and curvature (Spearman's ρ = −0.71, P < 1 × 10 −5 ; Fig. 4g and Supplementary Fig. 5A ). Quantification of GFP-myosin-IIA intensity versus mean curvature for all points on the confined surfaces of multiple cells showed a similar inverse correlation (Spearman's ρ = −0.23, P < 1 × 10 −6 , Fig. 4h ) as was observed for cells migrating freely in 3D collagen ECMs, suggesting that low mean curvature is sufficient to recruit myosin IIA. In contrast, the membrane label showed no correlation between intensity and curvature (Spearman's ρ = −0.093, P = 8.8 × 10 −164 , Supplementary Fig. 5B ). In summary, myosin II is recruited to minimally curved cortical surfaces in freely migrating cells, and by imposing cell shape externally, we show that local cellsurface curvature negatively regulates myosin II localization to the cortex. Together with the finding that disruption of myosin II activity increased cell-surface curvature, these results suggest a positive feedback loop in which myosin II minimizes local curvature to promote its recruitment to the cortex, thus maintaining low cell-surface curvature.
Myosin II assembly at the cortex in response to low curvature is independent of contractility We then sought to determine how cell-surface curvature negatively regulates myosin II localization. We considered three possible mechanisms by which curvature could control local assembly of cortical myosin II: curvature-dependent upstream signalling; tensiondependent regulation of myosin II assembly; or curvature-dependent stabilization of cortical binding. To test whether myosin II was regulated by signalling to control its local assembly/activation, we first determined whether myosin II phosphorylation was spatially regulated. We immunolocalized myosin II regulatory light chain phosphorylated on Ser 19 (pS19-MRLC) in cells expressing GFP-myosin-IIA (refs 12,13) . Co-localization analysis in three dimensions revealed no substantial difference in localization of the two markers, suggesting that differences in myosin IIA localization or its association with curvature could not be accounted for by local regulation of phosphorylation ( Supplementary Fig. 6C ). We perturbed signalling upstream of pS19-MRLC and determined the effects on curvature-dependent localization of myosin II. We inhibited either ROCK, which directly phosphorylates S19-MRLC (ref. 14) , with Y-27623 ( Fig. 5a ), or its upstream activator, Rho, with exoenzyme C3 (Fig. 5b ) in cells expressing GFP-myosin-IIA. Like blebbistatin, these agents increased cell branching and branch path complexity ( Supplementary Fig. 6A ), suggesting that activation of myosin II through Rho/ROCK signalling regulates branching. In spite of their effects on cell shape changes, these inhibitors had no effect on the inverse correlation between cortical myosin IIA localization and local mean surface curvature, although, as expected, the curvature distribution was shifted to higher values ( Fig. 5d ,e) compared with the control. Similar results were found for analysis of cells expressing GFP-myosin-IIB, where treatment with Y-27623 or ML-7 (that blocks myosin light chain kinase) increased cell branching and curvature, but preserved the negative correlation between cortical GFP-myosin-IIB intensity and mean curvature ( Supplementary Fig. 6B ). None of the treatments altered the relationship between actin localization and curvature (Fig. 5h) . Thus, myosin II assembles at the cortex in a curvaturedependent manner, independent of signals that control regulatory light chain phosphorylation. This suggests that local signalling and activation of myosin II, although required for cell shape regulation, is not responsible for localized myosin II assembly at the cortex.
As tension in a surface also decreases curvature, we tested whether actomyosin-mediated cortical tension regulated the curvature-dependence of myosin II localization. We inhibited motor activity either pharmacologically or with a mutation in myosin IIA heavy chain, R702C, which reduces ATPase activity and causes haematologic and kidney defects in humans and mice 15, 16 . Analysis of the curvature-dependence of GFP-myosin-IIA or GFP-myosin-IIB cortical localization in AECs treated with blebbistatin ( Fig. 5c) showed that even in the presence of blebbistatin, local myosin II intensity inversely correlated with mean curvature ( Fig. 5f and Supplementary  Fig. 6B ). We performed similar analysis on AECs derived from mice heterozygous for GFP-R207C-myosin-IIA. Examination of AECs in three dimensions suggested that this mutant induced a slight elevation in cell branching (Fig. 5g) . However, analysis of localization relative to mean curvature demonstrated that GFP-myosin-IIA-R702C was still localized to the cortex with curvature-dependence (Fig. 5j) . Again, these perturbations did not affect the curvature-independence of cortical F-actin (Fig. 5h) . Thus, our data show that motor activity is not required for the curvature-dependent localization of myosin II, suggesting that the association of myosin II with low-curvature cortical surfaces is independent of actomyosin-mediated cortical tension.
We then sought to determine whether curvature regulated the stability of cortical binding by myosin II. We analysed the relationship between curvature and the stability of GFP-myosin-IIA association with the cortex by fluorescence recovery after photobleaching. We measured the fraction of fluorescence recovery in a bleached region on the cortex and compared this value in branches of large (low maximal curvature, d > 5 µm) and small (higher maximal curvature, d < 4 µm) diameter. This showed that a larger fraction of GFP-myosin-IIA was stably associated with the cortex (less recovery of fluorescence) in lowcompared with high-curvature branches ( Fig. 5i , P < 0.001). Hence, myosin IIA association with the cortex is stabilized by lower curvature.
The perturbation experiments above provide insight into the mechanism of cortex binding by myosin II. Blebbistatin blocks myosin II ATPase activity by locking myosin II in a weakly bound state 15 . Although blebbistatin did not affect the inverse correlation between myosin II localization and curvature ( Fig. 5f ), analysis of F-actin and myosin IIA co-localization showed that myosin IIA was only partially displaced from cortical F-actin by blebbistatin (Fig. 5k,l) . This suggests that actin binding is critical to cortical association of myosin II. Together, these data show that curvature regulates the localization of myosin II at the cortex not by local control of signalling or contractility, but by stabilizing the association of myosin II with low-curvature regions of the cortex, possibly mediated by F-actin binding.
3D cell migration is mediated by branching/debranching cycles that are driven by cycles of myosin II cortical dissociation/association
Our results show that myosin II regulates and responds to cell-surface curvature. To approach how this mediates dynamic control of cell shape during migration in three dimensions, we analysed the temporal relationships between parameters of cell movement, branching, cellsurface curvature and myosin II recruitment to the cortex. We determined the morphological skeleton and local surface curvature over time in AECs expressing tdTomato-CAAX during migration in 3D collagen ( Fig. 6a and Supplementary Video 5). Tracking of the cell centre ( Supplementary Fig. 6D -F and Video 6) showed that cells moved in a pulsatile manner, speeding up and slowing down at varying intervals (Fig. 6b ). Autocorrelation analysis demonstrated that cell speed fluctuations were not due to positional noise, but represented stochastic pulses in cell instantaneous velocity ( Supplementary Fig. 6G ). Analysis of cell centre movement relative to the evolution of the morphological skeleton in three dimensions over time showed that branch number and cell centre velocity seemed out of synch (Fig. 6b) . Indeed, temporal cross-correlation between total branch radius (branch number weighted by branch radius) and cell centre velocity indicated significant negative correlations at all negative time lags, but a strong positive correlation peak at a positive time lag of ∼1,200 s. This indicates that branch number increases during periods of low cell velocity, and branch pruning precedes rapid cell body advance by ∼20 min (Fig. 6c) . Similarly, total branch complexity (sum of all branch vertices per time point) also fluctuated out of synch with cell centre velocity (Fig. 6d) . However, in this case, the temporal cross-correlation exhibited a peak of negative correlation at zero time shift, indicating (i) AECs in a 3D collagen gel expressing myosin-IIA-GFP were subjected to localized fluorescence photobleaching and recovery and imaged by 3D spinning disc confocal microscopy. Percentage of fluorescence recovery at the cortex in small-(<4 µm) and large-(>5 µm) diameter branches (n = 18 for small branches, n = 18 for large branches, error bars show standard deviation, P < 0.001 using Students two-tailed t-test) is shown. that dendritic branching impedes cell movement (Fig. 6e) . In support of this, for individual cells, the mean total branch complexity over time was inversely correlated with mean speed over time (Fig. 6f) . Thus, AECs migrate in a 3D microenvironment by alternating between phases of dendritic branch expansion, which inhibits cell movement, followed by debranching to allow cell body advance.
As cell branching and cell-surface curvature are linked (Fig. 2f) , the above result predicts that curvature would fluctuate similarly to branching during migration. In individual cells, as branch number varied over time, the median mean surface curvature varied in synch (Fig. 6g) . As myosin II localization and curvature are inversely correlated ( Figs 3 and 4) , this further predicts that myosin II association with the cortex would fluctuate out-of-phase with curvature during migration. Time-lapse 3D imaging (60 s intervals) of GFP-myosin-IIA and tdTomato-CAAX in AECs migrating in 3D collagen gels and analysis of mean surface curvature and cortical GFP-myosin-IIA intensity showed that mean cortical GFP-myosin-IIA intensity and median mean curvature both fluctuated over time ( Fig. 6h and Supplementary Video 7). Temporal cross-correlation between myosin IIA intensity and median mean curvature within dynamically active regions of the cell cortex (Supplementary Video 8) exhibited a significant negative correlation at zero time lag, indicating that cortical myosin IIA concentration increased and curvature decreased in synchrony (Fig. 6i) . Hence, during cell migration, cycles of exploratory branching followed by debranching and subsequent cell body advance are associated with cycles of myosin II dissociation from the cortex that allow plasma membrane curvature, followed by myosin II cortical recruitment that promotes curvature minimization.
Myosin II controls branch orientation to mediate directional cell movement in three dimensions
In addition to regulating cell branching, myosin II activity also promotes directional persistence of migration in three dimensions 4, 7 . Therefore, we analysed the role of myosin II in controlling branch directionality in AECs expressing tdTomato-CAAX during migration in 3D collagen. From the morphological skeleton, we determined branch angle relative to the direction of cell centre movement. Plotting mean branch angle over time showed that, similar to branch number (Fig. 6b ) and branch complexity (Fig. 6d) , mean branch angle also fluctuated over time (Fig. 7a) . Rose plots of mean branch angle relative to the direction of cell movement showed that branches with near-normal angles relative to the cell axis were rare, indicating that branch angle was biased along the axis of cell movement (Fig. 7b) . Treatment of cells with blebbistatin removed this bias, and fully randomized branch angle (Fig. 7b) . Together, our results indicate that cells migrate by cyclically varying branch angle relative to the direction of cell movement, and maintain directionality by myosin II-mediated minimization of branch angle.
We then sought to understand how myosin II might control branch angle through local curvature sensing and regulation. In general, branches oriented normal to the cell body have similar curvature all around their bases, whereas branches oriented at non-normal angles relative to the cell body consist of two opposing saddle structures: one associated with the acute angle at the inner surface and one associated with the obtuse angle at the outer surface, creating potential for curvature asymmetry (Fig. 7c) . Accordingly, asymmetric accumulation of myosin II at these sites could enhance overall minimization of curvature in the branch junction, favouring acute angles (Fig. 7b,e) . On the other hand, myosin II accumulation at the bases of branches normal to the cell body would be equal in all directions, allowing retraction of the branch to minimize curvature. Inspection of time-lapse videos of GFP-myosin-IIA dynamics confirmed an even recruitment of myosin IIA to the saddles all around the base of normal angles (Supplementary Video 9). We observed in time-lapse videos that rare normal branches were rapidly retracted, whereas slanted branches with asymmetric myosin accumulation tended to be more stable. Although this mechanism will require further investigation to characterize quantitatively, our observed examples suggest that myosin II could bias branch direction by asymmetric association with and curvature minimization of acute branches and/or retraction of normal branches to minimize overall branch angle relative to the cell body, thus favouring branch formation along the direction of movement.
DISCUSSION
Our development of an image analysis framework for quantifying 3D cell morphology across length scales has revealed how myosin II acts at the molecular scale to minimize local cell-surface curvature, which in turn regulates the interlinked parameter of cell-scale branching morphogenesis. Combining this analysis with microfabrication to constrain cell shape identifies a positive feedback mechanism in which cell shape regulates myosin II, such that the motor preferentially binds to and is stabilized by lower-curvature cortical regions, where it acts to maintain minimal curvature. This feedback loop of local myosin II regulation by and activity on curvature mediates cycles of spatially controlled cortical myosin II assembly and disassembly that correlate with cycles of branch initiation and retraction to guide 3D cell migration.
How might myosin II motors regulate and respond to surface curvature? We suggest that myosin II minimizes cell-surface curvature through generation of motor-driven tension in an isotropic cortical actin network attached to the plasma membrane, similar to how surface tension drives membrane flattening to minimize curvature in soap bubbles or membrane-bounded organelles 17 . The question of how myosin II responds to curvature, however, is more complex. Our analysis suggests that curvature-dependent recruitment of myosin II to the cortex is independent of Rho/ROCK signalling or contractile activity, but that curvature stabilizes its binding to cortical actin. We speculate that because non-muscle myosin II mini-filaments exist as linear 300-nm rods with bouquets of actin-binding heads at each end 18 , a maximal number of heads would engage an actin network that extends in the plane of the rod (Supplementary Fig. 7 ). Extrapolating this concept suggests that high tube-like curvature would favour maximal head engagement for rods aligned along the zero-curvature axis, thus orienting contractile forces along the branch axis, providing a mechanism for retracting thin branches or generating traction on ECM-adhered branch tips. Alternatively, because curvature and tension in a closed surface at equilibrium are inextricably linked by the Young-Laplace relation, myosin II recruitment to the cortex could be regulated by tension 19 . However, our manipulations of motor activity demonstrate that curvature-sensitivity of myosin II recruitment is independent of actomyosin tension. One possible reconciliation of our proposed geometric versus tension-dependent models is that tensiondependent changes in actin organization could alter the optimal myosin II head engagement to enhance myosin II recruitment without requiring myosin contractility directly.
Our observations support a model in which curvature-sensitive recruitment and turnover of myosin II defines the central switch in a directionally biased branching-debranching cycle that drives directed cell migration in complex 3D environments. The cycle is initiated by local fluctuations in cortical myosin II concentration. Local concentration depressions allow F-actin polymerization and/or hydrostatic pressure to overcome cortical tension and push out protrusions, which are stabilized by adhesion to the ECM (ref. 20) . Thin branches with high curvature initially survive because of low myosin II recruitment and thus low contractility, whereas more mature branches with lower curvature must maintain stronger polymerization and/or adhesion forces to overcome increasing contraction driven by recruitment of myosin II to their low-curvature cortex. Thick branches that are not stabilized by adhesion are retracted if they are normal to the cell surface by even accumulation of myosin II around their bases and aligned along their length (Supplementary Video 9) . The migration cycle ends when large-scale axial contraction of the lowcurvature cell body cortex overcomes the anchoring forces of the adhesion-stabilized branches that are aligned with guidance cues. Thus, curvature-sensitive myosin II recruitment may provide a robust core mechanism for cell shape control and branch morphogenesis in cell migration across a range of length scales from the local initiation of a branch to global traction generation at the cell scale.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper DOI: 10.1038/ncb3092
Mice strains. Knock-in mouse strains expressing GFP-myosin-IIA (GFPhNMHC-IIA; MHY9
GFP ) or GFP-myosin-IIB (GFP-hNMHC-IIB) have been previously characterized 10, 11 , in which the GFP-tagged heavy chains replace the endogenous heavy chain locus, and are expressed under the control of the endogenous promoter. Mice expressing tdTomato-CAAX (Jax Strain 7576; Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) were obtained commercially (Jax Labs) and maintained in the National Heart Lung and Blood Animal Facility. All mouse procedures were performed in accordance with National Heart, Lung, and Blood Institute IACUC guidelines.
Cell culture and imaging. AEC cultures were established and imaged as previously described 4 . Briefly, aortic explants from transgenic donor mice expressing either tdTomato-CAAX (Jax Labs), GFP-myosin-IIA, GFP-myosin-IIB or GFP-myosin-IIA-R709C were cultured in 1.8 mg ml −1 collagen in endothelial cell media (EGM2; Lonza). Cells migrating out of the explant were imaged between day 4 and 6 of culture. Drug treatments with blebbistatin (20 µM; Toronto Research Chemicals), cell permeant C3-exoenzyme (100 µg ml −1 ; Cytoskeleton), Y-27632 (2 µM; Sigma Aldrich) and ML-7 (2 µM, Sigma Aldrich) were performed for 2-12 h before and through imaging periods. Cells were maintained on the microscope stage in an environmental chamber (Pathology Devices) with controlled CO 2 , humidity and temperature. Cells were imaged using either 20 × 0.75 NA or 60 × 1.20 NA water immersion objective lenses, mounted on a Nikon TE-2000 that was equipped with a Yokogawa CSU X-1 spinning disc, a custom-built laser combiner module (Spectral Applied Research) and a CoolSnap HQ2 CCD (charge-coupled device) camera (Photometrics; pixel size 6.45 µm). Z-stacks were collected using a stage piezo zstepper (Mad City Labs) integrated onto an XYZ automated stage and controller (Applied Scientific Instrumentation). For imaging using the 60 × 1.20 NA WI objective, each acquired image was binned on camera to improve signal to noise and reduce excitation intensity. The bin size and z-step sizes were matched as closely as possible to achieve near isotropic voxel sizes. Depending on the spatial and temporal resolution required, the voxel size in object space was measured between 215 nm (for 60× at 2 × 2 binning) and 645 nm (20× at 2 × 2 binning). Image acquisition was controlled using MetaMorph Software (Molecular Devices). Full stacks encompassing regions both above and below the cell of interest were collected at intervals of 30 s (for example, for short-term imaging of myosin II dynamics) or 300 s (for example, for long-term imaging of cell migration versus branching over time) seconds to minimize cell photobleaching and photodamage. In panels and videos showing fluorescence images, colour display or contrast has been linearly adjusted for presentation purposes.
Image segmentation. Raw 3D fluorescence images ( Supplementary Fig. 1A ) were filtered using multiscale Gaussian second partial-derivative kernels ( Supplementary  Fig. 1B, inset ):
Here σ i denotes the Gaussian width along dimension i, k = {∀x, |x − x i | ≤ 5σ i } denotes the filter kernel support, I (x) is the image intensity at position x = (x, y, z), and s(x) i is the filter response along the ith dimension, with the maximum of the Euclidean norm across scales defining the filter response magnitude ( Supplementary Fig. 1B ):
with σ ω expressed in units of voxels. We refer to the application of this filter as 'surface filtering' because the kernel responds strongly to planar and cylindrical image intensity patterns.
As in a given image volume generally less than 5% is occupied by a cell, a threshold was selected for the filter response distribution as T s = S + 3σ s where S and σ are robust estimates of the mean and standard deviation of S (ref. 21) effectively treating the cell-occupied voxels as outliers to the background surfacefilter response at a 99% confidence level. This thresholding allows segmentation of small, dim branches but can fail in areas with bright, relatively uniform intensities and therefore weak intensity gradients (Supplementary Fig. 1C) .
To enhance the segmentation in low-gradient regions we supplemented the surface filtering and thresholding with a two-stage thresholding of the raw image intensities I . First, 'foreground' voxels were selected by thresholding the intensity distribution in the same manner as the threshold for the surface filtering response:
Application of the threshold yields a segmentation that selects all voxels above the estimated background, but markedly overshoots the cell membrane owing to out-offocus light (Supplementary Fig. 1D ). A second, more stringent threshold was then selected by Otsu thresholding of these 'foreground' voxels 22 ( Supplementary Fig. 1E ). The segmented mask is then the union of the voxels that pass either the surface threshold or the high-intensity Otsu threshold (Supplementary Fig. 1F ). We refer to the combination of thresholding raw image intensities and surface-filter response as 'surface enhanced' segmentation.
To further improve the robustness of this segmentation and ensure accurate surface reconstruction and topology with a variable and sometimes low image signal to noise ratio, mathematical morphology was used to post-process the mask resulting from the surface-enhanced segmentation. This included area opening to remove small background spots, closure to fill small gaps in the segmented surface, and finally hole filling to ensure that the cytosol, which was not well labelled by the tdTomato-CAAX tag, was included in the segmented cell volume ( Supplementary  Fig. 1G ). These steps were performed using the MATLAB functions bwareaopen, imclose and imfill respectively.
All segmentation was validated as being accurate at the whole-cell level through quantification of membrane label intensity versus distance from the segmented cell surface ( Supplementary Fig. 1H ), in addition to visual inspection of the segmented cell geometry overlaid on the raw fluorescence intensities using Imaris and the ImarisXT MATLAB interface (Supplementary Fig. 1I ).
Skeleton analysis.
A binary skeleton image was produced from the cell mask using the iterative thinning algorithm presented in ref. 23 . This was implemented as a MATLAB mex-function adaptation of the C code provided in ref. 24 . Application of this algorithm converted the cell mask binary image into a binary skeleton image (Fig. 1d) . Next, we converted the skeleton image into a graph structure, where branch points are represented by vertices, and are identified in the skeleton image as voxels with more than 2 non-zero voxels in the immediate 26-connected neighbourhood. The branches and cell body are represented by the edges in the graph (Fig. 1g) , and are identified as the remaining non-zero skeleton image voxels.
The initial skeleton frequently contained 'false-positive' branch elements, either due to noise in the segmented cell mask or due to features in the cell mask that do not correspond to 'branch-like' structures. We therefore pruned the skeleton to ensure that each branch element had an aspect ratio length to mean radius > 2, and a length > 1 µm.
Skeleton elements, which were proximal to the maximum of the Euclidean distance transform of the cell mask interior and did not meet the above definition of a branch, yet were required to preserve the graph topology, were assigned to the cell body skeleton (Fig. 1g) . For the tip-path complexity and length analysis in (Fig. 1h,i and Supplementary Fig. 6A ), the shortest path from each branch tip (degree = 1 vertex) in the skeleton graph to the centre of the cell body skeleton was calculated using Dijkstra's algorithm 25 as implemented in the MATLAB function graphshortestpath, with the length of each skeleton element as the edge weight.
Surface curvature analysis. The 3D binary mask image (Supplementary Fig. 2A) was first smoothed by 3D Gaussian filtering with a sigma of 1 voxel, which results in an image volume with values [0, . . . , 1] (Supplementary Fig. 2B ). Subsequently, we extracted a triangulated mesh isosurface using the MATLAB isosurface function with an isovalue of 0.5 to preserve volume and surface position ( Supplementary  Fig. 2C ). Note that although this approach to generation of a smooth mesh surface does not strictly guarantee topological consistency with the original mask, alterations in topology were rare, and downstream processing steps did not rely on the mesh surface topology. The smoothed mask was also used to estimate normal vectors to the isosurface using the MATLAB function isnormals (Supplementary Fig. 2D ). On the basis of the surface normal we computed for each triangle the Gaussian (K ) and mean (H ) curvature, applying the numerical method proposed in ref. 26 ( Supplementary Fig. 2E ).
From the Gaussian and mean curvature we also derived the individual principle component magnitudes, which permitted computation of the maximal absolute local curvature:
Locally averaged curvatures were then calculated as the mean of all curvatures within a specified sampling radius, r s (Supplementary Fig. 2F ).These locally averaged surface curvatures were used when quantifying curvature statistics over entire cells (Fig. 2d-f) or regions of interest (Fig. 6h,i) . This ensures that these measures are applied to surface curvature at the same scale as that used when investigating correlations between curvature and intensity, which used a radius of 2 µm to fully sample the adjacent actomyosin cortex (Supplementary Fig. 1H ).
For assignment of surface regions into the geometric classes illustrated in Fig. 2a,b , and Supplementary Fig. 3C ,D, thresholds on the mean (0 µm −1 ) and Gaussian (±0.1 µm −2 ) curvature were used, where for Gaussian curvature this small non-zero value accounts for measurement noise. To quantify the relative amount of each class present in cells from a given condition, the number of surface mesh triangles that fit the threshold for each category was counted ( Supplementary Fig. 3A,B) .
Correlation between surface curvature and image intensity. To limit the analysis to subcellular localization variation, intracellular image intensities were normalized before correlation analysis by setting the standard deviation equal to 1 and setting the whole-cell means to be equal, with the minimum value across all data sets set to zero. For correlations between surface curvature and subcellular fluorescence intensity, samples were produced for each voxel on the surface of the cell mask. The intensity value in a surface voxel was determined by the average of image intensities within the volume intersection of the cell mask with a sampling sphere of radius r s centred on the voxel. Similarly, the curvature value in a surface voxel was determined by the average of the curvature of every triangulated surface mesh face falling within this sampling sphere. Importantly, in 3D data sets the sampling geometry is inherently coupled to the local cell-surface geometry, which leads to apparent correlations between intensity and curvature. This artefact is illustrated with a synthetic image that is constructed with a real cell geometry but the intracellular image intensities vary only with distance from the cell surface ( Supplementary Fig. 4A ):
Here, I s denotes the simulated image, with a uniform cortical intensity band of amplitude A and width σ c , D(x) is the Euclidean distance from any location x inside the cell to the closest point at the cell surface, and ε is normal I.I.D. noise. Although the intensity does not vary along the cell surface, or correlate with curvature, it shows a statistically significant correlation with curvature ( Supplementary Fig. 4B , blue), due to the effective mean sample depth varying systematically with curvature ( Supplementary Fig. 4C ).
To correct for this bias, we can decouple variation in fluorescence intensity along the cell surface from the systematic variation with depth into the cell (Supplementary Figs 1h and 4D) by computing a 'depth-normalized image' Supplementary Fig. 4E ), where
is the normalization constant for depth d (in voxels), with
denoting the set of all pixels at depth d and N D the number of voxels in this set. This depth-normalized image has equal mean intensities at each distance from the cell surface, while preserving any variation in intensities along the cell surface ( Supplementary Fig. 4E ). Accordingly, the correlation artefact due to variation in the sample penetration depth is removed ( Supplementary Fig. 4B, red) , except for at the highest and lowest intensities. This remaining artefact is due to variation in sample size with curvature ( Supplementary Fig. 4F ), and the same artefact is seen in a simulated image that contains only I.I.D. noise ( Supplementary Fig. 4G,H) . This is because the smallest samples occur in the highest-curvature areas, and extreme values in random data are more probable in smaller samples, leading to a correlation between sample intensity and sample size ( Supplementary Fig. 4I ). However, these artefacts are diminished for a signal that is spatially autocorrelated ( Supplementary  Fig. 4J ) such as
Here β represents an I.I.D. random variable filtered with a Gaussian of size σ AC to spatially correlate the values. The final image signal is given by multiplying β with magnitude A and superposition of a spatially uncorrelated I.I.D. noise ε with amplitude B. The correlation between neighbouring image values decreases the dependence of a given sample value on the sample size, limiting this artefact to the upper and lower 10% of image intensities in data with a relatively low signal to noise ratio ( Supplementary Fig. 4K,L) . With experimental fluorescence images the minimal length scale of the spatial autocorrelation is defined by the spatial extent of the microscope's point-spread function (PSF). Correlations over longer distances are often observed owing to the micrometre length scales of chemical signals that control the spatial variation in molecular localization within a cell. Indeed, on our experimental data we observed minimal shifts of the intensity versus curvature curves after applying depth normalization ( Supplementary Fig. 4M ), in contrast to the shift seen in correlations due purely to artefacts (Supplementary Fig. 4B) , suggesting that the correlations we found between these two variables are unlikely due to depth-variation artefacts.
We also tested the effect of PSF geometry on correlations between curvature and fluorescence intensity. A spatially autocorrelated simulated image I s ( Supplementary  Fig. 4J ) was convolved with a simulated PSF image that approximates the geometry of the PSF observed in experimental images (Supplementary Fig. 2J ). This produced correlation artefacts different from those in raw images (Supplementary Fig. 2K ), but still limited to extreme intensity values. The different trends at high and low intensities were due to the orientation of the cell geometry used in these simulations relative to the imaging axis, which was confirmed by performing the same simulations with an artificial geometry that had no preferential orientation relative to the imaging axis ( Supplementary Fig. 2L ). In this case only very small correlation artefacts were observed, well below the variations in curvature measured experimentally ( Supplementary Fig. 2M ), indicating that this effect was not the source of the correlations we observed. This is further supported by the lack of correlation between intensity and curvature in images of uniformly fluorescent microspheres ( Supplementary Fig. 2H ) and between a membrane label and curvature ( Supplementary Fig. 5A,B) . Therefore, we conclude that our segmentation and fluorescence measurements accurately reflected real spatial distributions of fluorophores and their correlation with respect to curvature in 3D images.
For the correlations between curvature and image intensity in subcellular regions of interest in Fig. 6h ,i, small rectangular regions were manually selected, and the mean surface curvature and cortical intensity over the entire region of interest was used for quantification. These fluorescence intensities were first photobleachcorrected through a double-exponential fit before correlation with curvature.
Co-localization analysis. For 2D histograms measuring co-localization of myosin II and F-actin in untreated and blebbistatin-treated cells (Fig. 5l,m) , images were first background subtracted. Then 2D histograms were constructed by pooling intensity data across multiple cells, using only the image voxels from each cell that were within the segmented cell boundary and within the cortex (distance from segmented cell membrane less than or equal to the sampling radius r s = 2 µm).
Cell migration analysis.
To quantify motion of the cell body, a standard centroid calculation was ruled out, as the location of the centroid depends on all voxels in the mask, including those in the branches. This would therefore introduce an inherent correlation between the cell body motion and number and structure of the branches. Instead we found the maximum value of the Euclidean distance transformation of the mask interior ( Supplementary Fig. 7A,B) , which roughly corresponds to the centre of the subcellular region of maximum radius, and its location differs significantly from that of the centroid (Supplementary Fig. 7C ).
Fluorescence recovery after photobleaching (FRAP) analysis. AECs derived from MHY9
GFP mice were cultured as described above. Cells were imaged using the spinning disc confocal microscope system described above. The microscope system was equipped with a digital micro-mirror device (DMD; Mosaic, Andor Technology) to guide 488-nm laser illumination (Sapphire HP, Coherent) through a separate illumination port to the specimen plane. Laser light was defocused to illuminate the entire DMD. Total power delivered to the DMD area was ∼100 mW. Activation of specific micro-mirrors within the DMD steered illumination to the specimen within user-defined regions of interest. Switching between photobleaching illumination and imaging excitation illumination was accomplished through motorized port switching controlled by Metamorph software. Target regions for photobleaching were selected in Metamorph using custom-drawn regions of interest traced onto spinning disc confocal images, which were then used to create masks for application of photobleaching illumination. Cell branches that were perpendicular to the imaging axis (parallel to the XY plane) were chosen for analysis for consistency between samples. Three pre-bleach images were acquired before bleaching for each field of view. Target regions were bleached with one 300 ms bleach pulse and recovery was imaged every 1 s for 10 s and then every 3 s for the next 45 s. Intensities of the bleached region; an adjacent, unbleached region on the cortex; and image background were extracted from the images and imported to Microsoft Excel. After background subtraction, fluorescence recovery was normalized first to the average pre-bleached signal and then to image photobleaching of the unbleached cortical region 27 . To calculate the percentage of recovery, single and double exponentials were fitted to the resulting data as described previously 4, 28 . In our experience, DOI: 10.1038/ncb3092
single-exponential fits often overestimate the total recovery, consistent with multiple interactions in the pool of fluorescent molecules 29 . Reported here are the data for double exponentials, although the same trend was observed for single-exponential fits. Curves that deviated from both single-and double-exponential fits were discarded. Local branch diameters were measured from pre-bleach images. P values of the difference in myosin II turnover between large and small branches were derived from Student's two-tailed t-test.
Agarose chamber fabrication, cell culture and imaging. Template moulds were microfabricated using photolithography of SU-8 on silicon wafers. The dimensions of each chamber were 30 µm depth, central chamber diameter of 20 µm and 'branches' with 5 µm width and 20 µm length. These dimensions were chosen to allow cells to spread completely with no overlap between the branches. The template moulds were used to produce poly(dimethylsiloxane) (PDMS; Sylgard 184; Dow Corning) stamps. The stamps were placed onto acid-washed, poly-L-lysinecoated glass-bottomed MatTek dishes (MatTek). A molten 0.6% agarose solution in 30% ethanol was then wicked around the stamps, and allowed to cool. The stamps were removed and the resulting agarose chambers were rinsed in phosphate buffered saline (PBS). A 100 µg ml −1 collagen solution was used to coat the poly-L-lysine surface, followed by extensive rinsing in PBS. Human umbilical vein cells (HUVECs; Lonza) were transfected by electroporation with constructs expressing GFP-myosin-IIA and mcherry-CAAX and allowed to adhere to plastic culture dishes for 4-6 h. Transfected HUVECs were trypsinized and allowed to spread into the agarose chambers in endothelial medium (EGM2, Lonza) for approximately 60-90 min before imaging live. Cells were imaged using similar imaging parameters as above. Cells that did not completely fill the lateral area of the chamber were discarded for analysis to ensure that the lateral cell shape was confined by the agarose chamber.
To show mean cortical CAAX and GFP-myosin-IIA as well as the normalized ratio of myosin IIA/CAAX within the chambers, cells were segmented and processed as described for cells in collagen gels, with local surface curvature and GFP-myosin-IIA intensity mapped to the surface of each cell, and used to determine a curvature, CAAX and myosin IIA intensity value at each voxel position. Regions of interest in the axial dimension where the cells were confined by the agarose chamber of multiple cells were selected, aligned in z, and a Gaussian filter applied to smooth the distribution laterally. These voxel data were then used to determine a mean value at each X , Y position for curvature, CAAX and myosin II intensity, which was mapped using the colour scales shown. CAAX reporter and GFP-myosin-II signals were normalized to individual maximum intensity before computing the ratio. Fig. 1h,i were generated treating each cell as a single data point, that is, using the standard deviation of the values in each bin across cells, with n being the number of cells. The curvature category data in Fig. 2d failed an Anderson-Darling test of normality and therefore P values were calculated using a Wilcoxon rank sum test. Data in Fig. 2e passed an Anderson-Darling normality test and P values were calculated using Welch's two-tailed t-test with unequal variances. All Spearman's correlation values (ρ) were confirmed as non-random by calculating P values using the exact permutation distribution. For Figs 3g-j, 4h and 5d-f,h,j, individual samples from a single cell can overlap with other adjacent surface samples from that cell. To determine the confidence intervals in this case 1,000 repetitions of a subsampled bootstrap were computed. The number of samples in each bootstrap was chosen such that the samples were completely non-overlapping (total sample area less than total cell-surface area). Confidence intervals for cross-correlation curves in Fig. 6c ,e,i were calculated using 1,000 bootstrap repeats of a variance-stabilized transformation of the individual (per-cell) cross-correlation curves. The confidence intervals of the linear relationship in Fig. 6f were estimated using a numerical approximation of the solution's Jacobian using the MATLAB function confint.
Software availability. Software is available on request from the Danuser laboratory.
It is command-line driven MATLAB code and therefore requires some knowledge of MATLAB syntax to operate. The software requires Imaris version 7.4 or earlier with the ImarisXT module for visualization of analysis results overlaid on images.
Repeatability of experiments.
All imaging experiments were performed on at least three separate culture preparations (each from a single mouse), imaged over two or more imaging sessions. Data for any given condition (drug concentration, mutant and so on) were then pooled. For FRAP analysis, two independent cell culture preparations and imaging sessions were performed, and the data pooled. For live-cell imaging, data shown are representative of four independent cultures used for at least 6 imaging sessions.
Sample sizes determination, randomization and blinding. No statistical method was used to predetermine sample size. The experiments were not randomized, and the investigators were not blinded to allocation during experiments. Fractional distance along cell perimeter Figure 6 Inhibition of rho-ROCK or myosin II activity increases cell branch complexity but has no effect on myosin II localization to the cortex. (A) Cells were treated with blebbistatin, Y-27632, or C-3 and branch path complexity determined as described in Figure 1 . Note control and blebbistatin data is re-plotted from Figure 1 
